Large wild ungulates are a major biotic factor shaping plant communities. They influence species abundance and occurrence directly by herbivory and plant dispersal, or indirectly by modifying plant-plant interactions and through soil disturbance. In forest ecosystems, researchers' attention has been mainly focused on deer overabundance. Far less is known about the effects on understory plant dynamics and diversity of wild ungulates where their abundance is maintained at lower levels to mitigate impacts on tree regeneration. We used vegetation data collected over 10 years on 82 pairs of exclosure (excluding ungulates) and control plots located in a nation-wide forest monitoring network (Renecofor). We report the effects of ungulate exclusion on (i) plant species richness and ecological characteristics, (ii) and cover percentage of herbaceous and shrub layers. We also analyzed the response of these variables along gradients of ungulate abundance, based on hunting statistics, for wild boar (Sus scrofa), red deer (Cervus elaphus) and roe deer (Capreolus capreolus). Outside the exclosures, forest ungulates maintained higher species richness in the herbaceous layer (+15%), while the shrub layer was 17% less rich, and the plant communities became more light-demanding. Inside the exclosures, shrub cover increased, often to the benefit of bramble (Rubus fruticosus agg.). Ungulates tend to favour ruderal, hemerobic, epizoochorous and non-forest species. Among plots, the magnitude of vegetation changes was proportional to deer abundance. We conclude that ungulates, through the control of the shrub layer, indirectly increase herbaceous plant species richness by increasing light reaching the ground. However, this increase is detrimental to the peculiarity of forest plant communities and contributes to a landscape-level biotic homogenization. Even at population density levels considered to be harmless for overall plant species richness, ungulates remain a conservation issue for plant community composition.
biodiversity, biotic homogenization, exclosure, large herbivores, species richness, temperate forest, vegetation cover, vegetation monitoring
| INTRODUCTION
Environmental drivers such as climate change, atmospheric deposition and land use changes have been causing rapid change in forest ecosystems in the last few decades. Although the impacts of ungulates on forest ecosystems have been widely studied, they receive less attention as a global driver of forest changes. Since the last glaciation, forest ecosystems in Europe have evolved in the presence of large ungulates (Bradshaw, Hannon, & Lister, 2003) . After a low point estimated around the turn of the twentieth century, populations of wild ungulates have increased and recolonized large areas in Europe during the last decades (Putman, Apollonio, & Andersen, 2011 ) following a multicontinent phenomenon (Beguin, Tremblay, Thiffault, Pothier, & Côt e, 2016) . New hunting regulations and reintroduction programmes are recognized as the major causes of the recovery of wild large ungulate populations in numbers and their geographical range since the 1970s (Maillard et al., 2010 and Sup- plementary material S1), forest expansion being also a possible driver for these changes. Wild ungulates now occur in almost all forest areas, even at low densities, and consequently, contribute to recurrent pressure in forest ecosystems. Increasing ungulate populations are an issue for forest managers since the damages they may cause to trees and seedlings can jeopardize forest regeneration processes (Bradshaw & Waller, 2016) . Many studies have been carried out under high densities of ungulate populations (Habeck & Schultz, 2015) obtained either experimentally (Bachand et al., 2014) or naturally (Martin, Stockton, Allombert, & Gaston, 2010) , or resulting from local management choices (Baltzinger et al., 2016) , or in areas where noticeable impacts had been a priori observed (Boulanger et al., 2015) . The roles of ungulates as general drivers of changes in forest dynamics and biodiversity have been less investigated in standard conditions.
Herbivores affect overall plant species diversity by modifying local colonization and extinction dynamics in grasslands (Olff & Ritchie, 1998) . In temperate forest ecosystems, large ungulates (mainly red and roe deer and wild boar in temperate lowlands of Europe) play a triggering role in dispersal processes (Boulanger et al., 2011) . Furthermore, they generate small-scale disturbances through soil trampling that damages plant tissues, breaks shoots or uproots plants (Hester, Bergman, Iason, & Moen, 2006) and when scraping their bedding sites (Adrados, Baltzinger, Janeau, & P epin, 2008) .
These microsite disturbances may favour germination and seedling establishment, similar to what has been found for grassland pastures (Borer et al., 2014) . More specifically, deer forage selectively so that they affect local extinction processes, either directly through the consumption of palatable plant species that increases local death rate or indirectly by changing inter-specific competition (Hester et al., 2006) . When at destructively high levels, deer populations lead to local extirpations of native plant species (Rooney & Dress, 1997) and reduce local plant diversity (Stockton, Allombert, Gaston, & Martin, 2005) , sometimes amounting to shifts in plant communities toward alternate stable states (Hidding, Tremblay, & Côt e, 2013) . Situations of deer overabundance favour the development of unpalatable or browse-tolerant plant species at the expense of more palatable or browse-intolerant species (Augustine & McNaughton, 1998) , and cause biotic homogenization of plant communities (Rooney, Wiegmann, Rogers, & Waller, 2004) .
Most of the studies report that ungulates decrease plant species richness (Côt e, Rooney, Tremblay, Dussault, & Waller, 2004 ) but these conclusions are drawn from contexts of high population densities, rarely investigating a full gradient of ungulate impacts (Faison, DeStefano, Foster, Motzkin, & Rapp, 2016) . Synthesizing 13 European and North American studies, Gill and Beardall (2001) showed that young tree species richness and cover decreased under browsing pressure, thereby increasing light penetration at ground level and suggested that this phenomenon should increase the biomass in lower strata. Further, Stewart, Bowyer, Kie, Dick, and Ruess (2009) found that low to moderate levels of North American elk population densities increased both net aboveground primary productivity and plant species diversity. Experimentally combining various disturbances with fencing, Royo, Collins, Adams, Kirschbaum, and Carson (2010) observed a higher plant species density in browsed versus fenced plots (5.6 vs. 2.9 species/m² respectively), these positive effects being attributed to moderate population levels. In an insular context, Hegland, Lilleeng, and Moe (2013) experimentally identified a humped-back shape curve linking deer browsing and plant species richness, suggesting that below a threshold level, deer abundance increases species richness.
Although a large number of individual studies have been conducted, experimental evaluation of the magnitude of the effects of ungulates on plant communities has rarely been done at large geographical scales as pointed out by Habeck and Schultz (2015) for white-tailed deer. In Northern America, studies conducted in the region of Wisconsin and Michigan are among the widest, both geographically and temporally, with a long precedence in vegetation surveys in a context of increasing deer populations (Frerker, Sabo, & Waller, 2014; Frerker, Sonnier, & Waller, 2013; Rooney et al., 2004) .
In Europe, based on a coarse grained evaluation of game populations in forests coupled with resampled vegetation plots, Bernhardt-R€ omermann et al. (2015) found negative correlations between game densities and plant species diversity indices. Fenced exclosure experiments are particularly effective at detecting the influence of browsing by ungulates on the dynamics of plant species and communities (Waller, 2014) . Yet, such data are rarely available over large areas, notably because the maintenance of a spatially homogenous experimental design over long time periods is difficult to ensure. In this e486 | study, the French network of forest ecosystem monitoring -Reneco- We classified all herbaceous vascular species into the herbaceous layer, whatever their height. We attributed the terricolous bryophytes to a fifth specific layer. The percentage of bare soil (i.e. not covered by living vegetation) was visually estimated in 2000 and 2005 to the nearest 5%. A quality assurance programme, including calibration meetings the year before and the year of sampling, was applied to limit observer effects on plant censuses (Archaux et al., 2009 ). We aggregated vegetation data from spring and summer and retained the maximum abundance-dominance coefficient in order to constitute composite samples representing the overall non-seasonal plant community. Species names followed the Flora Europaea nomenclature (Tutin et al., 1968; -1980 , 1993 for vascular species and Blockeel and Long (1998) for mosses and hepatic species.
Species traits were compiled from either Ellenberg et al. (1992) for ecological indicator values (light, temperature, soil moisture, acidity and nitrogen availability), Julve (2016) | e487
Details about data types and scales are provided in supplementary material (Tables S3 and S4 ).
| Changes in community diversity and structure
We analyzed changes in species richness and overall cover for each vegetation layer separately. Species richness was calculated at the subplot level (100 m 2 , n = 656) and for each sampling year (1995, 2000 and 2005) . We first converted the recorded abundance-dominance coefficients to cover percentages (see Table S2 ), then we (2004) and hemeroby). For categorical plant characteristics, we computed the species richness in each category for exclosure and control plots (Gosselin, 2012) . We analyzed species richness in each category separately, using generalized linear mixed models with a Poisson error distribution. Using contrasts, we tested the differences in community-aggregated species characteristics between exclosure and control plots for each sampling year.
| Role of variations in ungulate pressure among sites
We analyzed the relationship between variations in ungulate pressure among sites and the differences in vegetation richness and cover between exclosure and control plots, after 10 years of fencing.
We used hunting bag statistics from the wild ungulates national For wild boar and roe deer, we collected the hunting statistics available in all municipalities intercepted by a circular buffer zone around each plot (radius = 6 km). Then we computed, for each available year and each municipality, the density of animals killed as the ratio between the number of animals killed and the surface area of woodland within the municipality. We excluded data for municipalities with <10% of forest cover in order to avoid aberrant density values of animals killed. At each plot, for both species, we computed the average densities of animals killed over all surrounding municipalities weighted by intercepted forest area.
For red deer, which hunting statistics are available at the management unit, we collected the hunting statistics available in all management units intercepted by a circular buffer zone around each plot (radius = 6 km) in 2005. As for roe deer and wild boar, we estimated the density of red deer killed as the ratio between the number of animals killed and the surface area of woodland within the management unit. Then at each plot, we computed the average densities of red deer killed over all surrounding management units weighted by intercepted forest area.
Finally, we combined ungulate abundances of different species into composite indices based on allometric relationships between body weight and metabolic rate (White & Seymour, 2005) . We transformed densities of killed ungulates to equivalents of basal metabolic rates (hereafter "BMR equivalents") using the following masses for each species: roe deer (23 kg), red deer (130 kg) and wild boar (80 kg). We also summed the BMR equivalents by functional guild:
herbivore -roe and red deer -or omnivore -wild boar. Even though these hunting statistics are a coarse indirect indicator of ungulate pressure, they are spatially homogeneous and can be used to reveal differences in ungulate species abundances and guilds among sites at the national scale (Melis, Nilsen, Panzacchi, Linnell, & Odden, 2013 
| Species richness
Total plant species richness at the subplot level (100 m 2 ) was strongly affected by fencing and revealed opposite patterns among vegetation layers (Figure 2 and Table S5 ). No effect was observed for bryophytes (Table 1) . For both the low and high shrub layers, species richness increased over time both inside and outside exclosures, but the increase was greater inside exclosure plots than on the unfenced control plots (Figure 2 ). After 10 years of fencing, for the low and high shrub layers respectively, there were 20% and 21% more species in exclosures compared to control plots (Table 1) .
No changes were observed for the tree layer. For the herbaceous layer, species richness also increased over time but the greatest increase occurred on the control plots, not in the exclosures.
Although there was no difference initially, after 10 years of fencing there were 14% fewer herbaceous species in exclosures than on control plots (Figure 2 and Table 1 ).
| Vegetation cover
Ungulate exclusion affected the cover of herbaceous and shrub layers differently than it did species richness. As for species richness, we found a significant effect of the interaction between time and fencing on both low and high shrub layers (p < .05 and p < .001
respectively, see Table S5 ). For both these layers, the overall pattern was an increase in cover over time with a more marked increase inside exclosure than outside (Figure 2 ). While there was initially no significant difference, low shrub cover was significantly higher inside 5 years after fencing, though high shrub cover was not. Ten years after fencing, both low and high shrub cover were significantly higher inside the exclosure plots (Table 2) . Herbaceous layer cover index also increased significantly over time in control plots (p < .001, Table S5 ) but, contrasting with low and high shrub layers, it was initially significantly higher in exclosure than in control plots (Figure 2 
| Effects of variations in ungulate abundance among sites
At the lowest red and roe deer population abundances (index <10), we did not detect any difference in species richness for herbaceous and high shrub layer between inside and outside exclosures (Figure 4a ), whereas higher population abundances correlated with richer herbaceous and poorer high shrub layers outside exclosure plots. This effect was more pronounced when red and roe deer populations were combined (Table 3) . The difference in low shrub species richness between exclosures and control plots showed no correlation with any ungulate population density index (Table 3 ). Wild boar densities had no effect on species richness for any vegetation layer.
Low and high shrub covers were similar inside and outside exclosures at the lowest deer abundances, while higher abundances were related to sparser shrub layer in control plots (Figure 4b ). The difference in proportion of bare soil between exclosure and control plots was negatively correlated with wild boar density (Table 3) (Borer et al., 2014) . Comparing islands with and without deer, Judziewicz and Koch (1993) found that browsing eliminates Canada yew (Taxus canadensis), a species that tends to grow so densely that it prevents the growth of most herbs, and notably native species (Mudrak, Johnson, & Waller, 2009) . Browsing decreases the level of competition, particularly for light, imposed by shrubs on herbaceous species, and thus indirectly favours light-demanding species within F I G U R E 3 Boxplots and distribution of the differences (exclosure -control) in 2005 in mean Ellenberg values, mean Grime strategy indices, number of species per life form type, dispersal type and optimal habitat F I G U R E 4 Differences between paired exclosure-control plots (inside minus outside exclosure) after 10 years of ungulate exclusion for species richness (a) and cover (b) of herbaceous layer, low shrubs and high shrubs in relation to indices of deer population densities based on hunting statistics transformed as equivalents of basal metabolic rates of the number of red and roe deer killed per 100 ha. (c) Differences between paired exclosure-control plots (inside minus outside exclosure) after 10 years of ungulate exclusion for cover of herbaceous layer and proportion of bare soil in relation to wild boar BMR BOULANGER ET AL.
the herbaceous layer. The number of hemicryptophyte species also strongly increased outside the exclosures. In these species, buds are protected from herbivores by their location close to the ground. This life form could provide them a competitive advantage over plants with aerial buds more accessible to deer. Our results from a large geographical scale monitoring network extend previous local observations (Hegland et al., 2013) and experimental findings (Royo et al., 2010) . They provide an example of indirect facilitation (Levine, 1999) of herbaceous layer species by deer through the suppression of shrub competitors and support the competitive hierarchy model in forest plant communities (Ewald, 2008; Shipley & Keddy, 1994) .
These ungulate-induced modifications of plant-plant interactions may involve particular species, namely by reducing the dominance of palatable species with high competitive abilities and, in turn, enhancing plant species richness (Nishizawa, Tatsumi, Kitagawa, & Mori, 2016) . Among the recovering plant species, bramble (Rubus fruticosus agg.) showed by far the strongest and widest recovery inside exclosures, in both the low shrub and herbaceous layers (Supplementary material S8). It is striking that deer emerged as a moderator for the plant cover of this species group, not only in other parts of Europe (Kirby & Thomas, 2000; Perrin, Mitchell, & Kelly, 2011) , but also for Rubus spp. species in the United States (Faison et al., 2016; Horsley, Stout, & deCalesta, 2003; Murray et al., 2016; Royo et al., 2010) .
Experimental results by Van Uytvanck and Hoffmann (2009) The classic grazing response curve, based on the intermediate disturbance hypothesis, predicting an increase in plant species richness from low to moderate browsing pressure, has been already locally documented (Faison et al., 2016; Murray et al., 2016; Nishizawa et al., 2016; Perrin et al., 2011) . After 10 years of fencing, the lower species richness of the herbaceous layer inside the exclosures of our 82-site network, along with the gradual response to deer abundances provide a large-scale support for this grazing curve. However, it has to be refined according to vegetation layers and life forms. Along the gradient of deer abundance, we observed that deer deplete both the cover and species richness of the shrub layers as in most previous studies, although some others report positive effects of deer browsing on woody species and shrub layers (Faison et al., 2016) . This advocates for the segregation of the vegetation layers in the analysis of deer effects on forest understory. The humped-back shape of the grazing curve is likely to be similar but the position of the tipping point will fluctuate according to the vegetation layer. The level of disturbance corresponding to the maximum species richness should be lower for shrub layers and woody species than for ground flora. 
| Beyond increasing species richness: shifts in species composition
Plant species richness is a common indicator of plant diversity. Its analysis is, therefore, meaningful for understanding the mechanisms underlying species coexistence but compositional shifts are of greater ecological significance (Noss, 1990) . Indeed, plant species richness is clearly increasing with management-related disturbances and is not a suitable indicator for the conservation status of the forests (Boch et al., 2013) . Since our national scale monitoring network covers a wide diversity of ecological contexts, the composition of plant communities was highly variable so that the identification of winner and loser species is likely to be biased towards generalist species due to a low redundancy between plant communities (see Supplementary material S8). Thus, species traits appeared more appropriate to investigate the response of plant communities (Rooney & Waller, 2003) .
Our trait-based analyses revealed divergences in species composition between exclosure and control plots. The increasing number of epizoochorous species outside the exclosures confirms the role of deer and wild boar as dispersal agents for such plant species, locally enriching plant communities through increasing species immigration (Albert et al., 2015; Heinken & Raudnitschka, 2002) . Even though Heinken, Lees, Raudnitschka, and Runge (2001) showed that roe deer and wild boar could play a significant and underestimated role in the dispersal of bryophytes, or Chollet, Baltzinger, Saout, and Martin (2013) identified indirect and positive effects of deer on bryophytes, mediated through reduced competition with vascular plants, we did not detect any significant response in bryophyte overall species richness or abundance.
The conservation issues associated with deer in forests are usually related to the depletion of the overall vegetation in overabundance contexts (Côt e et al., 2004) and the cascading effects on other groups of species (Martin et al., 2010) , to their ability to facilitate exotic species establishment (Shen, Bourg, McShea, & Turner, 2016; Wiegmann & Waller, 2006) or to biotic homogenization to the benefit of browse-tolerant species and detriment of browse-intolerant species (Rooney, 2009) . From a conservation point of view, the most salient results in our study are the increasing indices of ruderality and hemeroby, and the increasing number of non-forest species outside the exclosures, where ungulates are present. Ungulates maintain conditions that are favourable to non-forest species, that is higher levels of light and nitrogen, and soil disturbance by trampling or rooting.
Moreover, they are known to disperse non-forest species more than forest species (Picard & Baltzinger, 2012) . Thereby, ungulates tend to homogenize plant communities between forest and non-forest habitats by favouring the immigration of non-forest species within forest habitats. Nevertheless, it was not accompanied by a decrease in forest-specialist species richness.
Over a large monitoring network, covering a broad range of temperate forest ecosystems, we observed that the presence of wild ungulates enhanced species richness of the herbaceous layer. In line with Sabo, Frerker, Waller, and Kruger (2017) , our results show that ungulate impacts on forest understory vegetation are a consequence of their effects on environmental factors but also bring to light their critical role on plant species dispersal and plant-plant interactions.
More specifically, by reducing the cover of shrub layers and dominant and palatable plant species, deer maintain an openness that enhances ground flora diversity. Thus, according to the intermediate disturbance hypothesis, current levels of population densities, managed to limit damages to forest regeneration, would be considered below the detrimental level for species richness. However, this high species richness is maintained at the expense of the peculiarity of forest plant communities: ungulates promote ruderal and non-forest species. Hence, even in contexts where ungulates are maintained at intermediate densities, with no negative effect on total plant species richness, they are still a biodiversity management issue because they strongly affect the composition of communities.
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